We examine the formation and concomitant rotation of electrodynamically bound dimers (EBD) of 150 nm diameter Ag nanoparticles trapped in circularly polarized focused Gaussian beams. The rotation frequency of an EBD increases linearly with the incident beam power, reaching mean values of ∼4 kHz for relatively low incident powers of 14 mW. Using a coupleddipole/effective polarizability model, we reveal that retardation of the scattered fields and electrodynamic interactions can lead to a "negative torque" causing rotation of the EBD in the direction opposite to that of the circular polarization. This intriguing opposite-handed rotation due to negative torque is clearly demonstrated using electrodynamics-Langevin dynamics simulations by changing particle separations and thus varying the retardation effects. Finally, negative torque is also demonstrated in experiments from statistical analysis of the EBD trajectories. These results demonstrate novel rotational dynamics of nanoparticles in optical matter using circular polarization and open a new avenue to control orientational dynamics through coupling to interparticle separation.
T he development of optical trapping of micron-scale objects by Ashkin et al. 1 has heralded new fields of research ranging from optical physics 2 to molecular biology 3 and microbiology, 4 materials science, 5 and lithography. 6 Optical tweezers also allow precision measurements of the dynamics of and interactions between micro-and nanoscale particles in order to address frontier questions in statistical mechanics. 7−10 These and other studies illustrate that the trapping beam strongly affects particle behavior. Thus, there is profound interest in controlling particle dynamics with the wavelength, optical power, wavefront, cross-sectional profile, and polarization of the trapping beam. 11 In particular, the polarization state of the trapping laser provides a relatively simple means to control trapped particle behavior. As an example of this, several papers have demonstrated the use of circularly polarized light to trap and cause nanoscale objects to spin. 12−16 However, research to date has focused on the dynamics of a single particle in the trap. Except for theoretical work on nonconservative torque from a circularly polarized plane wave 17 and a recent paper concerning multiple particle assemblies, 18 the behavior of two electrodynamically interacting particles in a focused trap has not been explored.
In this Letter, we demonstrate through experiments and numerical simulations the orientational (e.g., rotational) dynamics of two 150 nm diameter particles placed in a circularly polarized and focused Gaussian trap and show that the rotational motion about their center of mass is a consequence of their self-organization into an electrodynamically bound dimer (EBD). We show that for near-field separations, where retardation is negligible, the EBD rotates like a rigid body with a direction dependent on the angular momentum of the incident circularly polarized light and that its angular velocity increases linearly with the incident optical power. We observe an average angular frequency as high as ∼4 kHz for reasonably low optical power (14 mW and a power density of 5 MW/cm 2 ). Furthermore, we develop an analytical model for the effective polarizability of the EBD to examine the torque imparted by circularly polarized light. This model predicts that the separation between the particles relative to the wavelength of the trapping beam determines both the magnitude and direction of the torque. For certain separations, the EBD experiences a "negative torque" due to retardation of the electric fields and electrodynamic interactions that would cause it to rotate with opposite handedness to the polarization. We demonstrate opposite-handed rotation, that is, negative torque, on the EBD in our full electrodynamics−Langevin dynamics simulations. Furthermore, using statistical analysis of long trajectories of the EBD we also observe negative torque in experiments. Our experimental evidence of negative torque in plasmonic systems demonstrates new opportunities to control the dynamics of driven optical matter.
Experimental and Simulation Details. The experiments were performed using a standard optical tweezers setup. A Ti:sapphire laser tuned to a wavelength of 790 nm and emitting linearly polarized light was collimated and directed into a Nikon TI inverted optical microscope and through a Nikon 60x Plan APO IR water immersion objective (NA = 1.27). The laser beam was focused into a sample cell containing 150 nm diameter Ag nanoparticles coated with a ligand layer of polyvinylpyrrolidone (PVP; NanoComposix) diluted in deionized water at a ratio of 1:200. The beam was positioned so that its focus was slightly below (before) the top coverslip and had a full width half-maximum (fwhm) of ∼500 nm at the coverslip. We controlled the polarization state of the incident light by positioning a quarter-wave plate beneath the objective and investigated the dynamics that ensued. The particles were illuminated using a dark-field condenser and their motion was captured using an sCMOS camera (Andor Neo). See Supporting Information for a schematic of the experimental setup and for more information about the Ag nanoparticles.
In order to ascertain the angular velocity of the EBDs from experiments, we employed particle tracking methods to precisely determine the locations of each of the trapped particles in the acquired time series of images (i.e., videos). Since the EBDs rotate with a high frequency (thousands of hertz), we viewed only a small region of interest in the imaging camera chip (50 × 50 pixel region), allowing the motion to be captured with an exposure time of 0.1 ms at 2004 frames per second. Each frame was tracked and linked using the nonlinear, least-squares Gaussian fitting algorithm for centroid determination (described in Sbalzarini and Koumoutsakos 19 ), resulting in a table of (x, y) positions of the particles from which the interparticle separation, δ n , and the orientation of the EBD in the lab frame, θ n , in each frame n are calculated. The instantaneous angular velocity of the EBD, ω n , was then calculated from the difference in the EBD orientation angle between two sequential frames, i.e. ω n = (θ n+1 − θ n )F, where F is the frame rate.
However, due to the small size of the particles and of the interparticle separations the particle localization algorithm suffered from a Nyquist undersampling error which biased the tracked particle positions toward the center of the pixels. This effect, known as pixel-locking, along with an algorithm for correcting the error named the single particle interior filling function (SPIFF) method is described by Burov et al. 20 We used the SPIFF method to alleviate the problem and correct for errors in the measured interparticle distance and angle. Further details of the particle tracking errors and the method we applied to correct them are given in the Supporting Information and in Yifat et al. 21 Simulations of two Ag nanoparticles in a focused Gaussian trap were performed using an in-house electrodynamics-Langevin dynamics (ED−LD) technique. 10, 22 The ED−LD simulation self-consistently coupled the finite-difference timedomain (FDTD) method of solving Maxwell's equations with a splitting-method for integrating the Langevin equation. The circularly polarized focused Gaussian beam was introduced in the simulation using the scattered-field technique 23, 24 where the incident electric field is as described in Novotny and Hecht. 25 See Supporting Information for expressions for the electric fields near the focal region. The incident magnetic field was calculated from Ampere's law at each time step before updating the scattered-fields in the main FDTD calculation. The electrodynamic forces on the Ag nanoparticles were calculated using the Maxwell stress tensor, while the electrostatic forces due to surface charges were calculated using Coulomb's law. The Drude model was used to describe the dispersive Ag nanoparticles using the auxiliary differential equation method. 24 The total force on each nanoparticle was used in the Langevin equation to update their positions. The trajectories were calculated by repeating the aforementioned steps.
In the simulations, we calculated the positions of the particles from the Langevin equation using a time step of 0.2−0.5 μs and therefore, the "instantaneous" angular velocities are the differences between the EBD orientation in the xy plane in successive simulations steps divided by the time step. Moreover, to allow quantitative comparison between experiment and simulations, the incident circularly polarized (CP) focused Gaussian beams in the simulations were generated with the same fwhm, power, and NA as the experiments.
Dynamics of Trapped Metal Nanoparticles. It is known that a single particle trapped in a CP focused Gaussian beam will spin due to the transfer of angular momentum from the beam to the particle. 12, 15, 26 For asymmetric particles, rotation could also arise from anisotropic scattering rather than polarization. 27 Moreover, it has been shown that two Ag nanoparticles in a linearly polarized (LP) trapping beam attain two configurations; a dimer structure with its axis preferentially oriented along the direction of polarization when the particles have small separations (i.e., in near-field separations) or with the interparticle axis perpendicular to the polarization when the particles are in the optical binding regime. 28, 29 An example of the dimer structure in LP light is shown in Movie S1 in the Supporting Information. Yet the dynamics of two nanoparticles in a CP trap, as we show here, are more interesting and require a more nuanced explanation.
The positions of two 150 nm Ag nanoparticles illuminated by a CP focused Gaussian beam obtained from ED−LD simulations are shown in Figure 1a . The images are ordered in time from top to bottom and we show that the two Ag nanoparticles quickly (in ∼5 ms; top two frames in Figure 1a ) form an EBD with near-field separations (∼195 nm center-tocenter). In the near-field regime the EBD rotates about its center of mass as a rigid object with the same handedness as that of the incident CP light (bottom three frames in Figure  1a ). A movie (Movie S2) of the trajectories obtained from the ED−LD simulations with right and left-handed CP beams is shown in the Supporting Information.
In experiments, two Ag nanoparticles trapped in a CP Gaussian beam fluctuate in their orientational positions when separated beyond the near-field regime and rotate strongly in the near-field regime (See Supporting Information Movie S3). Figure 1b shows the particle positions as seen in experiments using dark-field microscopy for right-handed (first column) and left-handed (second column) CP Gaussian beams (See Supporting Information, Movies S4 and S5). The EBD rotates clockwise (counterclockwise) for right-handed (left-handed) circular polarization. In other words, the particles rotate when they are in the near-field regime of separations, and their rotation direction is determined by the handedness of the circular polarization. Note that if the polarization orientation of a LP Gaussian beam is rotated (e.g., by rotating a a half-wave plate before the microscope) the EBD orientation rotates with it, but the torque would not persistently drive the EBD. If the direction of LP does not change, the EBD's orientation would Figure 1b are marked by labels R 1 through R 4 for right-handed and L 1 through L 4 for left-handed circularly polarized light, respectively. In contrast, when the particles are trapped with LP light, the EBD maintains an orientation along the polarization direction (with small Brownian fluctuations), as can be seen in the Supporting Information (Movie S1) in agreement with previous reports. 15, 28 This is true for both our experiments and the ED−LD simulations.
A comparison of the intensity distribution of the experimental and simulated beams is shown in Figure 2a (top) along with a plot of the cross-sectional cuts of the intensity distribution through the maximum intensity (bottom). Figure 2b shows that the angular velocity (or rate of rotation) of the EBD increases linearly with increasing optical power in both the experiments and simulations. The error bars in 2b are the standard deviation of the measured angular velocities. The standard deviations in the experimental data arise from several factors: Brownian motion of the particles, which is more significant at low power (i.e., low angular drive); jitter in the shutter timing, which determines when the camera exposure will occur and has a larger effect at higher velocities, and also errors in particle tracking. For the simulated trajectories, the standard deviations only depend on the Brownian noise, and therefore decrease with increasing optical power as the trajectories become more deterministic. Although, the fitted lines in Figure 2b clearly exhibit a linear dependence, the magnitudes of the experimentally determined angular velocities are a factor of ∼2 smaller than that obtained from simulations. We ascribe this discrepancy to the hydrodynamic interactions and friction between the particle and glass surface that are not accounted for in the simulation.
Theory for Rotational Dynamics of EBDs. To understand the rotational dynamics of the EBD, we developed an analytical model for the torque on EBDs treating each particle as a point dipole. The model reformulates the EBD as a single ellipsoidal nanoparticle with an effective polarizability calculated from the polarizabilities of the individual particles. The model accounts for the dispersive permittivity of Ag and retardation of the scattered fields. Figure 3a shows a schematic of the EBD geometry where θ is the orientation of the EBD in the x,y plane; i.e., the angle between the dimer axis (along the rotated x′ coordinate axis) and the lab frame x-coordinate axis. The electric field in the lab frame is defined as E ⃗ = E 0 e ikz (x̂± iy), where k = 2πn/λ is the wave vector, and the ± sign denotes right-handed and left-handed CP light, respectively. Assuming identical particles and following the approach in Khlebtsov et al. 30 and Pinchuk and Schatz 31 we calculate the effective polarizability of the optical dimer along, α ∥ , and perpendicular, α ⊥ , to the dimer axis as 
Nano Letters
Letter where α = α 0 /[1 − ϕ(k)α 0 ] is the polarizability of a single sphere 25 of radius a, and δ is the center-to-center interparticle separation. The electrostatic polarizability of a sphere, α 0 , is given by the Clausius-Mossotti relation, α 0 = 4πϵ 0 ϵ m a 3 (ϵ p − ϵ m )/(ϵ p + 2ϵ m ), 25 where ϵ p is the complex permittivity of the particle and ϵ m that of the medium. We assume that the background medium is water with ϵ m = 1.77. The function ϕ(k) = ik 3 /6πϵ 0 ϵ m corrects for radiative damping. The functions A(kδ) and B(kδ)
result from the dipole interaction matrix elements and take into account retardation of the scattered fields, which depends on the separation between the particles. The electric-field vector can be resolved in the sample frame of reference (i.e., the EBD frame) by multiplying with the rotation matrix, that is, E ⃗ ′ = RE ⃗ and the polarization density vector in the EBD frame can be written as
The total, time averaged, torque on the EBD is then given by 32, 33 
, where represents the real part, * denotes the complex conjugate, and α 0 is the effective polarizability matrix where the α in eq (1a,1b) is replaced by α 0 . Thus, we find that the torque on the EBD from right-handed (top sign) and left-handed (bottom sign) CP is
(see Supporting Information for more details). The torque calculated from eq 3 is shown in Figure 3b −d. The curves in Figure 3b show torque on an EBD composed of two 150 nm diameter Ag nanoparticles. The solid blue curve denotes torque calculated by assuming a right-hand CP plane wave illuminating the particles. The most intriguing aspect of this curve is that for certain separations the torque becomes negative and that the positive and negative torques repeat with a periodicity of approximately the wavelength of the incident source (in our case 800 nm in vacuum or ∼600 nm in water). These results are in agreement with the work by Haefner et al. 17 on nonconservative torques from CP light on two electrodynamically interacting particles about their center of mass. However, Haefner et al. 17 only examined the results for plane waves and torque at optical binding separations. When the incident source (wavelength of 800 nm) has a Gaussian intensity envelope with a fwhm of 450 nm (to approximate the conditions in experiments), we show that the torque (shown by the red dashed curve) decays more rapidly with increasing separation while still exhibiting negative torque. Although there exists a finite torque at optical binding separations, the smaller magnitude makes it difficult to observe in experiments vs the Brownian motion.
"Negative torque", which would cause the EBD to rotate with a handedness opposite to the direction of polarization of the incident beam, has recently been studied theoretically by Chen et al. 34 with micron-sized dielectric particles by considering explicit structures of 3−10 particles. The existence of negative optical torque was explained as arising from field retardation and breaking of rotational symmetry. 34 By contrast, we do not impose any specific structure and consider a simpler geometry The angular velocity is calculated as the change of orientation of the optical dimer axis as a function of time interval. The time interval is the reciprocal of the frame rate for the experimental data and is 1 μs for the simulation data. The dashed (blue) and dot-dashed (red) lines are linear fits to the experimental and simulation results, respectively. They agree to better than a factor of 2. Differences may be due to variations in particle size and shape and the hydrodynamic friction with the surface present in the experiment but not in the simulations.
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Nano Lett. XXXX, XXX, XXX−XXX D with just two nanoscale particles. The Ag nanoparticle EBD does indeed break rotational symmetry with respect to the incident CP light. Moreover, if we do not take retardation effects into account (i.e., we make the quatistatic approximation that entails k → 0, which makes A(kd) → (kd) −3 , and B(kd) → 3(kd) −3 ) then the torque is always positive as seen from the black dotted curve in Figure 3b . The incident field used for calculating the black dotted curve in Figure 3b is the same as that used for the calculation of the blue curve, that is, righthand CP plane wave. It can be seen from eqs 1a,1b and 2a,2b that retardation of the scattered fields can lead to a change in magnitude and sign of the joint-particle polarizability tensor; the magnitude and sign depend on the particle separations relative to the wavelength, giving rise to the negative torque. Figure 3c shows the torque calculated as a function of separation, δ, between particles of different radii assuming a source with a Gaussian transverse intensity. The torque becomes negative for a center-to-center separation around 300 nm, that is, ∼λ/2, due to field retardation. The magnitude of the optical torque on the EBD increases with particle size (due to the increase in the scattering cross section) as expected. However, as the center-to-center separation, δ, between the particles increases, retardation effects result in a change in sign of the optical torque. The magnitude of negative torque for smaller particles (radii <60 nm) is negligible due to their small scattering cross sections. Figure 3d shows the torque on the EBD in the near-field regime (i.e., surface-to-surface separation of 45 nm) as a function of wavelength of the incident field; the curves are calculated for plane wave incident fields. The different colored curves represent particles of different radii using the same color scheme as panel (c). The vertical dotted lines indicate the wavelengths at which the torque becomes negative (and therefore cannot be shown on a log scale). The gradient force pulls particles closer and the Coulomb repulsion balance at about 50 nm. For the conditions of our experiments and simulations we use a surface-to-surface separation of 45 nm for all the curves in Figure 3d , which is the near field separation regime. Thus, we predict that particles with radii of 55 nm (purple), 65 nm (green), 75 nm (light blue), and 85 nm (red) would exhibit negative torque at wavelengths of 424, 480, 537, and 594 nm, respectively, in the near-field regime.
Negative Torque in ED−LD Simulations. The analytical model described above assumes the dipole approximation to calculate the effective polarizability. However, it has been shown that the effective polarizability of a dimer calculated using the dipole approximation is not accurate even when the individual particles are considered to be small enough to be in the Rayleigh limit. 30 This is especially true for small relative separations, that is, δ/a < 3. 30 Therefore, we performed full ED−LD simulations to test the prediction of the negative optical torque calculated from the analytical model. In order to observe rotation in the direction opposite to the polarization, we restricted the smallest separation that the two particles could attain by creating virtual spherical hard-sphere boundaries around the particles in the Langevin solver. These virtual boundaries only affect the minimum separation attainable and do not otherwise affect the electrodynamics or Langevin 
Letter dynamics of the simulation. The results of these simulations are shown in Figure 4a ,b. Figure 4a shows the orientation of the EBD in time simulated for different minimum separations between the particles. In all these simulations the incident source is a right-hand CP focused Gaussian beam and the Ag nanoparticles are 150 nm in diameter. We see that the EBD rotates in the right-handed sense for center-to-center separations of 195 and 275 nm, that is, in the direction of the CP light, whereas the EBD rotates in the left-handed or opposite sense to the CP light for separations of 455 and 540 nm. For interparticle separations of more than 350 nm, we simulated incident focused beams with higher power in order to overcome Brownian noise and obtain sufficient driven motion in the 0.35 ms long trajectory. These trajectories clearly demonstrate the intriguing effect of negative torque that causes the EBDs to rotate in the direction opposite to the handedness of the polarization.
As shown in Figure 4b , we calculated the average angular velocity (ω) from the ED−LD simulated time trajectories of the orientation of an EBD axis for different minimum separations between the particles. The angular velocity of a particle in an overdamped system increases linearly with torque (see Supporting Information for details). Therefore, to compare with our analytical model, we plot the torque on an EBD calculated using an incident field with a Gaussian intensity envelope of 450 nm fwhm given by the red dashed curve in Figure 4b . The ED−LD simulations results confirm the existence of negative optical torque as expected from the analytical model. The dipole approximation breaks down at small separations and also when higher-order modes are excited in particles larger than 150 nm. These factors lead to the small discrepancy between the analytical model and the ED−LD simulations.
Experimental Observation of Negative Torque. Observing negative optical torque in experiment is challenging due to the inherent preference of the particles to either be in the near-field regime (i.e., center-to-center separation of 200−300 nm) or the optical-binding regime (i.e., center-to-center separation of ∼600 nm). We repeated the trapping experiments described above with the addition of an iris centered before the objective. Closing the iris decreases the size of the incident beam, thereby decreasing the NA and alters the width and stiffness of the focused optical trap. This loosely focused Gaussian beam allows us to explore the interparticle interactions over a larger range of separations since the particles are not confined to the near-field region and may transition between the near-field and optical binding regions. An example of the particle dynamics in such a trap is shown in the Supporting Information (Movie S3) in which we observe the particles fluctuating at optical binding separation then quickly rotating as they approach each other at separations less than 400 nm. By recording long videos we can observe particles inhabiting both regimes, as well as the transitions between them. As the potential mean force (i.e., the negative logarithm 
Nano Lett. XXXX, XXX, XXX−XXX of the probability density) in Figure 4c shows, the separation where negative torque is expected to be most prominent (that is around 400 nm center-to-center) is an unstable position, the transition region, between the more stable near-field and optical binding regions. We observe 125 occurrences (counts) at ∼400 nm separation versus 4 × 10 4 total measurements of particle separations in Figure 4c . A trajectory where an EBD transitions from the near-field toward optical binding separations is shown in Figure 4d . The arrow indicates the transition point at 400 nm separation where the EBD briefly rotates in the direction opposite to the righthanded circular polarization. Until the transition point the particles are in the near-field regime and experience a strong positive torque manifested as a change in the EBD orientation corresponding to the handedness of the incident right CP light. On the other hand, beyond the transition region (around 400 nm separation) we see that the change in interparticle angle is small and averages to zero. At the transition point, the EBD orientation changes with opposite handed rotation, a signature of negative torque. Figure 4e shows the instantaneous value of ω as a function of interparticle separation for the trajectory in Figure 4d , which also demonstrates the transition from the near-field regime to the optical binding regime with a signature of negative torque during the transition. The experimental frames upon which Figures 4d,e are based are given in the Supporting Information and in Movie S6. Figure 4f shows the experimentally measured average angular velocity plotted as a function of interparticle separation for a right-hand CP trapping beam. The mean velocity is large and positive for small nanoparticle separations, while it averages to zero at optical binding separations. We note that the mean ω is negative around 400 nm, at the transition between these regimes, as is expected from the ED−LD simulations of negative torque. The shaded regions define the standard deviation, with magnitude mostly due to Brownian fluctuations affecting the particle motion.
The mean ω value at the interparticle separation of ∼400 nm is −85 rad/s. We can establish the confidence in this result by statistically estimating the likelihood of observing this magnitude of negative torque for 125 events from simulated Brownian motion distributions matching our experimental conditions. This analysis, which is presented in detail in the Supporting Information, demonstrates that the experimental negative torque value is not due to Brownian fluctuations with a confidence level of 99.6%, approximately 3σ. We repeated the experiment on 200 nm diameter Ag nanospheres. Despite significant differences in particle scattering and trapping behavior compared to their 150 nm diameter counterparts we observed negative torque at 410 nm with a 2σ confidence level. The details of the experiment and its results and analysis are given in the Supporting Information.
Discussion and Conclusions. We have demonstrated through experiments and simulations the formation and concomitant rotation of electrodynamically bound dimers (EBD) about their center of mass using Ag nanoparticles trapped in focused circularly polarized Gaussian beams. The angular velocity of the EBDs increases linearly with the incident optical power. We present an analytical model for the effective polarizability of the EBD that predicts the existence of negative torque, that is, rotation of the EBD opposite to the direction of CP that stems from retardation of the scattered field and electrodynamic interactions between the particles. For the size of the particles (150 nm) we considered, the full ED−LD numerical simulations of the dynamics of the optical dimer are necessary for a quantitative comparison with experiments due to the excitation of higher-order modes in these particles and the small relative separations between them. We directly demonstrate the opposite handed rotation due to negative torque on the EBD in simulations. Using 4 × 10 4 measurements of EBDs trapped in a CP beam we were able to experimentally observe and statistically verify the signature of negative torque at the separations predicted by the theory and simulations.
Although the EBD can rotate with a handedness opposite to the incident field, the angular momentum in this system is conserved. It is known that a circularly polarized incident field can transfer angular momentum to a single spherical particle only via absorption. 35 In the case of a nonabsorbing spherical scattering particle, the angular momentum carried by the incident field is not transferred to the particle but rather distributed into the scattered fields. Moreover, in the far-field the angular momentum carried by the scattered fields depends on the direction, 36 for example, in the forward (backward) direction the helicity is positive (negative). In other words, an absorbing test particle placed in the forward direction of a scattering particle will spin with the same handedness as the incident polarization, while in the backward direction it will spin with negative (or opposite) handedness. At an arbitrary angle the scattered fields will contain linear combinations of positive (i.e., same helicity as the incident field), negative (i.e., opposite helicity of the incident field), and linear (i.e., no angular momentum) polarization components. In a realistic particle that absorbs as well as scatters, a fraction of the incident angular momentum would be converted toward spinning of the particle, while the remaining fraction would be distributed in the scattered fields with angle-dependent helicity. With the addition of a second particle, the picture becomes more complicated due to the interaction terms that are dependent on the separation between the particles. However, the total angular momentum carried by the incident field is still conserved and distributed into an absorption part and an angle-dependent scattered part. Therefore, a negative (or opposite handed) torque can result from scattered fields while preserving the total angular momentum.
It is of interest to compare the dependence of the optical torque we observe for EBDs to previous reports detailing the rotation and orientation of single nanowires 37 and nanorods. 15 For example, Yan et al. 37 used FDTD simulation results to calculate the forces on Ag nanorods and nanowires illuminated by a linearly polarized planewave at 45°to the particle axis and showed that the direction of torque switches when the incident wavelength changes from being longer to shorter than the particle's plasmon resonance; that is, as the particle changes from a nanorod to a nanowire. Likewise, the report by Tong et al. 15 described rotation of Ag nanorods and Au dimers by LP and CP beams, where the dimensions and material composition of the trapped particles determined its rotational direction and the trap stiffness. In both cases, the changes in torque direction are explained as an effect of the location of the plasmon resonance relative to the trapping wavelength.
The intriguing opposite handed rotation stemming from negative torque creates new opportunities to control the dynamics of multiparticle optical matter structures in CP light where near-field, optical binding, and intermediate separations could occur simultaneously and by working with materials and 
